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Abstract: Copper-iron modified bimodal support (M) with different mass fractions of Cu and Fe elements
were prepared by an ultrasonic impregnation method. The catalytic performance for higher alcohol
syntheses (HAS) was investigated in a fixed-bed flow reactor. Several techniques, including N2 physical
adsorption, temperature-programmed reduction/desorption of hydrogen, (H2-TPR/TPD) and X-ray diffraction
(XRD) were used to characterize the catalysts. The results indicated that the bimodal pore support was
formed by the addition of small-pore silica sol into the macroporous silica gel. Increased amounts of small
pore silica sol caused a decrease in pore size in the bimodal carrier. An increase in the Fe/Cu molar ratio
facilitated the dispersion of CuO, promoted the reduction of CuO and Fe2O3 on the surface layers, and
enhanced the interaction between the copper and iron species as well as the bimodal support inside the
large pores. The copper was well-dispersed on the catalyst and the amount of iron carbides formed was
high in catalysts with a high Fe/Cu molar ratio. Increasing the Fe/Cu mass ratio promoted the catalytic
activity and thus facilitated the synthesis of higher alcohols. When the Fe/Cu molar ratio was increased to
30/20, the CO conversion and the yield of higher alcohols increased to 46% and 0.21 g·mL-1·h-1,
respectively. At the same time, the mass ratio of C2+OH/CH3OH reached 1.96.
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有限公司, 孔径: 3 nm, 固体含量: 30% (w), 水溶性
溶液)等体积浸渍在大孔硅凝胶(SG10)(特大孔硅胶
SG10, 青岛美高集团有限公司, 比表面积≤90 m2·
g-1, 孔容: 0.70-1.10 cm3·g-1, 粒径: 83-350 μm, 孔
径: 60 nm)中,超声浸渍(超声波清洗机, JP-C300,广
州市吉普超声波电子设备有限公司)和干燥后在空
气气氛下 773 K焙烧 3 h得到 SiO2-SiO2双孔载体
(M).所制备的双孔载体中SG10和SG110的质量比
为 5, 然后采用等体积浸渍法将 Fe(NO3)3·9H2O、
Cu(NO3)2·3H2O和KNO3(分析纯,天津市福晨化学试
剂厂)浸渍于 SiO2-SiO2双孔载体中, 超声静置后在
383 K干燥12 h,然后在723 K焙烧3 h制得催化剂.
制备的催化剂中Cu、Fe、K和M摩尔比分别为 0.45:
0.05:0.01:1, 0.4:0.1:0.01:1, 0.3:0.2:0.01:1, 0.2:0.3:0.01:
1.所得催化剂分别标记为Cu45Fe5KM100, Cu40Fe10KM100,
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催化剂在 473 K真空干燥 12 h; XRD测试采用荷兰
XʹPert Pro MPD(PW3040/60)型X射线衍射仪测定,





50 mg, 还原气为 (5%)H2/(95%)N2, 气体流速为 25
mL·min-1,样品还原前先在N2气氛中 623 K下预处





150 mg,样品先在纯氢气条件下升至 573 K并保持
10 h,气体流速 50 mL·min-1,还原完成后通入纯氮
气保持30 min,并在氮气气氛下降至室温,然后切换
至纯氢气气氛下吸附 30 min, 后切换至N2气氛以




固定床微型反应器中进行.催化剂 40-60目 1.0 mL
与2 mL石英砂混合均匀后装入反应器.催化剂在纯
氢气气氛下从室温以 2 K·min-1速率升温至 573 K,
并在该温度下还原 10 h,随后降至 473 K后切换为
反应原料气(n(H2)/n(CO)=2), 升压至 5.0 MPa, 以 1
K·min-1速率升温至593 K,保持16 h,反应条件为压













Fig.1 BJH pore size (dpore) distribution with different supports

































Table 1 Textural properties of different supports




构. 将 20% (w)的小孔硅溶胶浸渍到大孔硅凝胶中





















散度和粒径大小列于表 2 中. 由图 2 可见,
Cu45Fe5KM催化剂在 550-700 K和 800-900 K区间
内显示出一个主还原峰和一个尾峰, 其中在
550-700 K区间内大的主还原峰可归属为Cu-Fe-O





















Fe/Cu比从 5/45增加到 30/20时, Cu、Fe物种的还原












氢, 700-800 K和900-1050 K的氢脱附峰可能分别
对应于双孔载体外表面和孔道内铁物种表面的氢
脱附峰. 随着 Fe/Cu比的逐渐增加, 催化剂表面Cu
图2 不同催化剂的H2-TPR谱图
Fig.2 H2-TPR profiles of different catalysts
图3 不同催化剂的H2-TPD谱图
Fig.3 H2-TPD profiles of different catalysts
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a based on H2 consumption in TPR; b based on H2 consumption in TPD; c calculated by TPD; d calculated by XRD
表2 Cu-Fe基双孔载体催化剂的还原度(R)a,分散度(D)b和粒径(d)
Table 2 Reduction degree (R)a, dispersion (D)b and particle size (d) of the Cu-Fe based bimodal support catalysts
图5 反应后催化剂的XRD谱图
Fig.5 XRD patterns of catalysts after reaction
图4 新鲜催化剂的XRD谱图









的分散, 并且促进了表面CuO和 Fe2O3的还原(图 2




















性逐渐增大. 当 Fe 含量增加到 30%时, C2 + OH/
CH3OH质量比增加到了 1.96. 由本文表征结果可
























































V(H2)/V(CO)=2, T=593 K, p=5.0 MPa, gas hourly space velocity(GHSV)=6000 h-1. STY: space-time yield
图6 催化剂反应产物分布图
Fig.6 Product distribution of the catalysts
(a) higher alcohol product distribution; (b) hydrocarbon product
distribution
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物的生成. 在 Fe/Cu比为 30/20的条件下, CO转化
率为 46%,低碳醇的时空收率达到 0.21 g·mL-1·h-1,
C2+OH/CH3OH质量比达到1.96.
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